We experimentally demonstrate efficient optical carrier reduction of microwave signals with a single-mode 1.5-mm wavelength Brillouin all-fiber ring laser. Because of the tunable optical coupling, the lasing threshold of the short-length (20-m) fiber cavity is lower than 5 mW, and high conversion efficiencies (up to 60%) are obtained at any pump power up to ϳ200 mW. Using the single-mode Stokes beam as a seed for the stimulated Brillouin scattering process allows up to 40-dB optical carrier depletion with almost no added noise for an optically carried microwave signal at 6 GHz. In addition, using this resonator, we provide evidence of generation of high-spectral-purity beatnotes.
Since conventional optoelectronic modulators allow only limited modulation depths, optically carried radio-frequency (RF) signals decompose over low-level sidebands and a strong optical carrier, which can saturate high-speed detectors. All-f iber stimulated Brillouin scattering 1 (SBS) devices can be good candidates to reach significant optical carrier reduction of microwave signals. [2] [3] [4] [5] A weakly intensity modulated optical beam is injected into a long optical fiber. The optical carrier, exceeding the SBS threshold, generates a backward-propagating Stokes wave and consequently experiences selective depletion. The proposed architectures involve long optical fibers, either in single-pass geometry or (to decrease SBS threshold) in loop configuration. In the latter case, the circulating Stokes wave is multimode, potentially resulting in additional noise that is close to carrier noise on the transmitted RF signals. Preventing this additional noise requires injection of a single-mode Stokes wave into long optical fiber. The single-mode Stokes wave is generated separately in a short optical fiber ring, whereas the modulated signal travels into the long f iber.
In this Letter we present single-mode Stokes wave generation with low-level pump power in a doubly resonant SBS laser. The SBS laser is based on an all-fiber short cavity that is simultaneously resonant for pump and Stokes waves. 6 As the cavity length is chosen to correspond to roughly the inverse of the SBS gain bandwidth, only one single-longitudinal-mode Stokes wave automatically oscillates in the resonator. The pump wave is resonant in the ring, drastically reducing the SBS threshold in the short-length optical fiber. Moreover, the use of a tunable optical coupler allows high conversion efficiencies at any pump power level. Using this single-mode Stokes wave as a seed for the SBS process, we clearly demonstrate reduction of phase noise on the RF signal and possible generation of spectrally pure RF signals.
The experimental setup implemented to demonstrate the eff icient single-mode all-fiber Brillouin laser is described in Fig. 1 . A 2 3 2 evanescent-mode variable optical coupler is used to close the ring cavity with a variable coupling coefficient R. Ports C and D of the variable optical coupler are pigtailed to both ends of a short (20-m-long) polarization-maintaining optical f iber (PMF). Part of this fiber is wound around a piezoelectric actuator (PZT) to allow control of the PMF length and, therefore, to control the phase accumulated by the pump along the ring. A single-frequency solid-state 1.5-mm pump laser source (up to 200 mW of power and 2-kHz spectral bandwidth) passes the optical circulator (OC) and enters the coupler in A. The pump is then divided into two beams. One beam passes the coupler and goes directly to B, giving rise to the so-called direct beam. The other beam goes to C and, after passing through the PMF, enters the coupler in D, giving rise to two beams. One beam is reinjected into the ring, and the other one (the so-called transmitted beam) is extracted via port B. The respective intensities of these beams depend on the selected coupling coefficient R.T h e values R 1 and R 0 correspond to no and total coupling, respectively. When it is detected in B, the output pump intensity is used for feedback on the PZT actuator to control the fiber ring length to reach a resonant situation for the pump frequency. In this case, constructive interferences of the pump waves occur at port C, and destructive interferences between the direct beam and the transmitted beam can be It must be emphasized that the coupling of pump light into the cavity is maximum when no light is detected in B. For a given level of losses experienced by the pump wave in the cavity, this occurs at a given value of R, when the direct and transmitted beams have equal intensities. When the SBS threshold is reached by the pump in the resonator, some of the pump energy is converted into a Stokes wave, traveling in the opposite direction in the ring. Part of the backward-propagating Stokes wave is recirculated into the ring via port D; the other part goes out of the ring from port C to port A and is available at port S of the OC. When a Stokes mode falls within the 10-MHz-wide SBS gain curve, it is automatically resonant in the ring. The creation of a Stokes wave (backward propagating and downshifted in frequency from the pump's optical frequency by n B 11 GHz) induces additional losses for the pump. Maximum conversion eff iciency is then obtained by adjustment of coupling coefficient R, taking all the losses (linear and nonlinear losses) of the pump wave in the ring into account.
To characterize the operation of this single-mode Brillouin laser, pump (in B) and Stokes (in S) intensities going out of the cavity were measured as functions of coupling coefficient R. For input pump powers lower than the Brillouin threshold in the resonator, the total losses of the cavity are due only to the linear absorption a of the PMF {a ഠ 2.9 3 10 23 m 21 and the PMF length, L 20 m, which corresponds to an effective length L eff 1 ͓1 2 exp͑2aL͔͒͞a, i.e., L eff 1 ഠ 19 m} and to the OC insertion losses (0.5 dB). As it is resonant for the pump frequency, this Brillouin laser allows the generation of a Stokes wave with less than 5 mW of input pump power. This power is ϳ500 times lower than the Brillouin threshold of a 20-m-long single-pass optical fiber. These 5 mW of pump power also correspond to the SBS threshold power of a fiber in single-pass geometry, with an effective length L eff 2 5 km. 1 An order of magnitude of the f inesse of the cavity is given by the ratio L eff 2 ͞L eff 1 ഠ 260. For input pump powers generating SBS, nonlinear loss is added to the cavity: While input pump power increases, maximum resonance of the pump is reached for decreasing values of R. This is illustrated in Fig. 2 , which shows the measured output pump and Stokes intensities as functions of coupling coeff icient R, for different input pump powers ͑P in ͒. Indeed, maximum conversion efficiency of pump intensity into Stokes intensity occurs for a value of R that depends strongly on the input pump power in the cavity. As an example, an efficiency of more than 60% is reached for R 0.25 with P in 190 mW. Evidently, even higher values would be obtained with a fiber ring cavity exhibiting less loss, which appear feasible.
For Stokes powers exceeding the SBS threshold of the cavity, an additional corresponding Stokes wave is generated. We call it the 2-Stokes wave, and it propagates in the same direction as the pump. The pump and 2-Stokes powers are measured with an optical spectrum analyzer at port B. Measured values of the 2-Stokes wave (downshifted from the pump optical frequency by 2n B ) are also shown in Fig. 2 . This 2-Stokes wave disappears for input pump powers lower than 20 mW and is present only for high coupling coefficients. All the behaviors reported above can be described with a model based on nonlinear propagation equations.
This single-mode Brillouin laser was used for 40-dB carrier reduction of RF-modulated optical beams, as illustrated in Fig. 3 . In such experiments, the Stokes wave is injected (in the reverse direction) in a long (10-km) non-polarization-maintaining optical fiber (OF) carrying a weakly modulated RF signal. Approximately 75-mW input power in the laser is needed to generate a 45-mW Stokes signal at port A (see Fig. 1 ) and a 20-mW Stokes signal that is available at port S to be injected into the long fiber (OC insertion loss is of the order of 3 dB). Only 1 mW of optically carried RF signal power is required at the optical fiber input.
To possibly improve the phase-noise performance of optoelectronic links including dynamic carrier attenuation, standard characterization 7 with a RF synthesizer and a phase-noise bench test were performed at the Thales Air Defence facility. The experimental results are presented in Fig. 4 , in which we compare the phase noise of the RF signal obtained with three different schemes of modulation depth enhancement by SBS. The f igure shows the phase noise at the output end of the optical links in a 1-MHz-wide spectral range about the RF modulation frequency ͑ϳ6 GHz͒. As the input modulation depth is 10%, a carrier reduction of 10 dB is needed to reach 100% modulation depth at the link output. Reaching this carrier reduction requires injection of an ϳ4-mW Stokes seed. The reference level is a link with no additional phase noise on the RF signal. At frequencies higher than 1 kHz from modulation frequency, the reference level is near 2130 dBc͞Hz. Seeding the fiber . Curve (c) shows that the quality of the RF signal is drastically reduced compared with the reference level when no input Stokes seed is injected into the fiber. This case uses SBS in single-pass geometry and allows only a 3-dB carrier reduction. These results def initely demonstrate that the single-mode Brillouin f iber laser permits very significant modulation depth enhancement with low pump power while maintaining the quality of the transmitted RF signal.
In addition, the simultaneous resonance of the pump and Stokes waves in the cavity imposes strong coherence between the pump laser and the SBS laser.
In our experiments the spectral linewidth of the pump laser is measured to be only a few kilohertz wide. Such a small width can be exploited for generation of a pure RF signal through the beatnote between two optical waves in the range of the pump-to-Stokes-waves frequency offset ͑n B 11 GHz͒. Using the experimental setup shown in Fig. 5 , we obtain a RF beatnote at 11 GHz with a FWHM of less than 25 kHz. Even lower values can be expected when the linewidthnarrowing properties of Brillouin lasers are used. 8 In conclusion, we have demonstrated an eff icient single-mode 1.5-mm wavelength Brillouin all-fiber ring laser. It generates Stokes power with less than 5 mW of input pump power, and conversion efficiencies of up to 60% can be obtained when the tunable optical coupler of the cavity is optimized. The single-mode operation of the generated Stokes wave permits 40-dB modulation depth enhancement of optically carried rf signals with low input pump power and without addition of phase noise. Such a single-mode wave, downshifted in frequency by 11 GHz from the optical pump frequency, can also be used for spectrally pure RF local oscillator generation and distribution in the receive mode of radar systems. Further investigation will be devoted to the improvement of the cavity quality factor and to the generation of tunable local oscillators with a very narrow spectral bandwidth.
